Proteins containing the G protein regulator (GPR) domain bind the major neural G protein G␣ o in vitro. However, the biological functions of GPR proteins in neurons remain undefined, and based on the in vitro activities of GPR proteins it is unclear whether these proteins activate or inhibit G protein signaling in vivo. We found that the conserved GPR domain protein AGS-3 activates G␣ o signaling in vivo to allow Caenorhabditis elegans to alter several behaviors after food deprivation, apparently so that the animals can more effectively seek food. AGS-3 undergoes a progressive change in its biochemical fractionation upon food deprivation, suggesting that effects of food deprivation are mediated by modifying this protein. We analyzed one C. elegans food-regulated behavior in depth; AGS-3 activates G␣ o in the ASH chemosensory neurons to allow food-deprived animals to delay response to the aversive stimulus octanol. Genetic epistasis experiments show the following: (1) AGS-3 and the guanine nucleotide exchange factor RIC-8 act in ASH in a mutually dependent fashion to activate G␣ o ; (2) this activation requires interaction of the GPR domains of AGS-3 with G␣ o ; and (3) G␣ o -GTP is ultimately the signaling molecule that acts in ASH to delay octanol response. These results identify a biological role for AGS-3 in response to food deprivation and indicate the mechanism for its activation of G␣ o signaling in vivo.
Introduction
Behavioral responses to food deprivation are a fundamental aspect of nervous system function in all animals and thus could have a conserved underlying mechanism amenable to study in simple model organisms. Signaling molecules that act on the nervous system to alter behaviors in response to hunger are conserved from Caenorhabditis elegans to humans (Gruninger et al., 2007) . Upon food deprivation in mammals, signaling from the periphery affects release of hypothalamic peptides such as neuropeptide Y and ultimately controls dopamine release in several brain regions to alter feeding and metabolism (Vucetic and Reyes, 2010; Pandit et al., 2011) . In C. elegans, dopamine release is also controlled by exposure to food and acts to alter behaviors after food deprivation (Hills et al., 2004; Ezak and Ferkey, 2010) . In one such evolutionarily adaptive response, well fed C. elegans back away quickly from dilute octanol, but food-deprived C. elegans continue to move toward this aversive stimulus and can thus access food near it. Dopamine and several of the peptides that affect feeding can all signal through the abundant neural G protein G␣ o . Thus, it is necessary to understand the mechanisms that regulate G␣ o signaling to understand the regulation of behaviors by food deprivation.
G␣ o has been shown by yeast two-hybrid and functional screens to bind proteins containing the ϳ25 amino acid G protein regulator (GPR) domain, also called the GoLoco domain (Mochizuki et al., 1996; Kimple et al., 2002) . In vitro, GPR domains bind to the inactive GDP-bound state of G␣ i/o , inhibit nucleotide exchange by G␣, and compete with the G␤␥ dimer for G␣ binding (Takesono et al., 1999; Natochin et al., 2000; Bernard et al., 2001; Kopein and Katanaev, 2009 ). Additional biochemical studies have shown that the guanine nucleotide exchange factor Ric-8A can activate G␣ by promoting exchange of GDP for GTP when G␣ is bound to a GPR domain (Tall and Gilman, 2005; Thomas et al., 2008) , but not when G␣ is bound to G␤␥ (Tall et al., 2003) . From these in vitro studies it is unclear whether GPR domain-containing proteins inhibit G protein signaling by preventing nucleotide exchange on G␣, or whether they promote G protein signaling by sequestering G␣ from G␤␥ so that free G␤␥ can signal and G␣ can remain in a form that can be activated by Ric-8A.
In vivo studies of GPR domain proteins have focused on their role in regulating mitotic spindle positioning during asymmetric cell division (Miller and Rand, 2000; Schaefer et al., 2000; Du et al., 2001; Gotta et al., 2003; Srinivasan et al., 2003; David et al., 2005; Hampoelz et al., 2005; Sanada and Tsai, 2005; Wang et al., 2005) , but the functional relationships between the G proteins and GPR domain proteins in cell division remain undefined. In addition, GPR domain proteins are expressed in adult neurons that do not divide (Bernard et al., 2001; Blumer et al., 2002) ,
Protein binding assays
G␣ o (8 M) was preincubated for 1 h at room temperature with either 10 M GDP, 10 M GDP with 20 M AlCl 3 and 10 mM NaF, or 10 M GTP␥S in binding buffer [containing (in mM) : 50 HEPES, pH 8.0, 1 EDTA, 10 MgSO 4 , 1 DTT]. One hundred twenty microliters of 8 M GST-AGS-3, GST-GPR, or GST were bound to 30 l GE Healthcare glutathione Sepharose 4B beads in binding buffer in 1.5 ml microcentrifuge tubes (USA Scientific) by rotating for 1 h at room temperature. The beads with bound protein were divided equally into three 0.2 ml thin wall tubes (USA Scientific) and spun for 30 s at 16,100 ϫ g in a tabletop microcentrifuge to remove the supernatant. Forty microliters of 6 M G␣ o preincubated in each of the three nucleotide conditions was added to the GST fusion proteins on Sepharose beads and incubated at room temperature with rotating. After1 h, beads were spun down at 16,100 ϫ g and the supernatant was removed to a new 1.5 ml microcentrifuge tube using a Hamilton syringe. The beads were washed twice with 200 l binding buffer and the appropriate nucleotide. Ten microliters of 5ϫ sample buffer (250 mM Tris, pH 6.8, 5% SDS, 37.5% glycerol, 10 M urea, bromophenol blue) was added to each supernatant sample, and 50 l of 5ϫ sample buffer was added to each bead pellet sample. All samples were boiled for 5 min before 35 l of each sample was run on 10% SDS-PAGE, and the gels were Coomassie stained.
C. elegans strains C. elegans strains were cultured at 20°C on nematode growth medium (NGM) agar plates with E. coli strain OP50 as a food source (Brenner, 1974) . All ags-3 gene deletion strains were outcrossed four times to the wild-type strain. The wild-type strain was Bristol N2. All additional C. elegans strains used in this work were as follows:
Figure 4: N2, CB1112 cat-2(e1112) II, LX1573 ags-3( gk517 ) X, LX1575 ags-3(tm2342) X, MT2426 goa-1(n1134 ) I, LX1655 goa-1(n1134 ) I; ags-3( gk517 ) X, LX850 lin-15(n765) X; vsIs50.
Figure 5: N2. Figure 6 : LX1633 lin-15(n765) X; vsEx668, LX1767 lin-15(n765) X; vsEx703, LX1752 lin-15(n765) X; vsEx697, LX1753 ags-3( gk517 ) lin-15(n765) X; vsEx697, LX1761 goa-1(n1134 ) I; lin-15(n765) X; vsEx697, LX1749 lin-15(n765) X; vsEx698, LX1757 ags-3( gk517 ) 
Transgenes
Transgenic strains were constructed by injection of plasmid DNA into the germline.
Analysis of sequence similarity between AGS3 family members
The dendrogram of C. elegans GPR-1, GPR-2, and AGS-3, Drosophila Pins, and human LGN and AGS3 proteins was created using the MegAlign program (DNAStAR Lasergene). The ClustalW method was used to align the protein sequences.
Microscopy
Animals were immobilized for microscopy on agar pads with a drop of 20 mM muscimol in M9 buffer. Animals containing ags-3::GFP reporter transgenes were imaged with a Zeiss LSM 510 confocal microscope and reconstructed using Volocity software (Improvision). For images of eggs retained in utero, animals were photographed using a Carl Zeiss Axioskop.
AGS-3 antibody
AGS-3 antisera were raised in rabbits against full-length GST-AGS-3 by Cocalico Biologicals. Antisera collected after the fourth immunization were affinity purified against a maltose binding protein-AGS-3 fusion (purification yield ϭ 0.9 mg/L), immobilized on SulfoLink coupling resin (Thermo Scientific, catalog no. 20401) in a 5 ml disposable column (Pierce, catalog no. 29925), and eluted in 100 mM glycine, pH 2.2. After neutralizing with 0.1 volume of 1 M Tris-Cl, pH 8, and adding BSA to 1 mg/ml, antisera aliquots were flash frozen in liquid nitrogen and stored at Ϫ80°C.
C. elegans behavioral assays
All animals were grown and assayed at 20°C on NGM agar plates. Staged adult hermaphrodites were produced by picking animals at the late fourth larval stage (L4) based on the morphology of the differentiating vulva and aging them for a specific number of hours before assay.
Steady-state egg laying. The unlaid eggs accumulated in well fed adult animals (40 h post-L4), an indirect measure of their egg-laying behavior, were counted as described by Chase and Koelle (2004) .
Egg laying during food deprivation. Animals were assayed at 40 h post-L4. Staged worms were picked to an unseeded plate and allowed to crawl away from any residual food for 1-5 min. Ten animals were then picked to a new unseeded plate (food-deprived condition) or a plated seeded with OP50 bacteria (fed condition). Each plate had a ring of 4 M fructose in water, applied 10 -20 min before the assay, around the outer edge to act as an osmotic barrier. After1 h, the adults were removed from the plate and the number of laid eggs was counted.
Area-restricted search. Animals were assayed at 24 h post-L4 as described by Hills et al. (2004) . Individual animals were picked to an unseeded plate and allowed to crawl away from their starting point for 10 s. The animal was then picked to a new unseeded plate and allowed to crawl for a total of 35 min. The number of high-angle turns executed by each animal was counted during the first 5 min and the last 5 min. High-angle turns, also called ⍀ turns, consisted of backing, followed by the animal turning and touching the tip of its nose to its tail and then moving forward in the direction opposite to the direction of its initial forward movement.
Avoidance of dilute octanol. Animals were assayed at 24 h post-L4 as described by Chao et al. (2004) . A fresh 100 l stock of 30% octanol in 100% ethanol was made up each day the assay was performed. Animals were picked to an unseeded plate and allowed to crawl away from their starting point for at least 10 s. Three animals were then picked to a freshly poured (poured within 24 h) unseeded (food-deprived condition) or OP50-seeded (fed condition) plate and incubated at 22Ϫ24°C for 12-20 min. Individual animals were assayed by placing a sable brush hair (Jack Richeson Pure Kolinsky Sable 1 Flat Watercolor Brush; Amazon Standard Identification Number: B0009I865E) dipped in 30% octanol in front of a forward moving worm. The time to the first reversal following stimulus presentation was counted using a metronome set to beat at 1 Hz. If no reversal occurred within 20 s, the animal was discarded from the assay. Each day the assay was performed, wild-type control animals were assayed to ensure that the plates contained the level of moisture required for the assay to give proper results. In general, the moisture level of the plate must be such that the animals left no or very light tracks in the agar when moving, but there was no visible meniscus of liquid around the animals. If the wild-type control animals did not reverse in response to dilute octanol within 2-4 s on food and within 8 -10 s after food deprivation on a given assay day, the entire day's assay was discontinued and the data discarded.
Small-scale liquid culture of C. elegans
Small-scale liquid culture of C. elegans was performed as described by Porter and Koelle (2010) . Concentrated E. coli HB101 was prepared by growing it in 2 liters of LB broth overnight at 37°C with shaking at 200 rpm. The bacteria were spun down for 15 min at 1500 ϫ g at 4°C and resuspended in 25 ml of S-basal buffer (100 mM NaCl, 50 mM KH 2 PO 4 , pH 6.0, 5 g/ml cholesterol) by vortexing. Concentrated HB101 was stored in 50 ml polypropylene Falcon tubes at 4°C for up to 2 weeks.
For growth in liquid culture, C. elegans animals from an almoststarved 5 cm NGM plate were washed into 15 ml S-basal buffer (100 mM NaCl, 50 mM KH 2 PO 4 , pH 6.0, 5 g/ml cholesterol) supplemented with 3 mM MgSO 4 , 3 mM CaCl 2 , 50 nM Na 2 EDTA-2H 2 O, 10 nM MnCl 2 -4H 2 O, 25 nM FeSO 4 -7H 2 O, 10 nM ZnSO 4 -7H 2 O, 1 nM CuSO 4 -5H 2 O, 10 mM potassium citrate, pH 6.0, penicillin/streptomycin (Invitrogen), and Nystatin (Sigma) in a 125 ml glass Erlenmeyer flask. Five milliliters of concentrated HB101 bacteria was added to each flask as food, and the cultures were grown for 3-4 d at 20°C with shaking at 180 rpm until a 20 l drop of the culture dropped onto an unseeded NGM plate contained hundreds of worms. To ensure that the culture was well fed, we checked that this 20 l drop left a thin lawn of HB101 bacteria on the plate after the agar absorbed the liquid.
The cultures were prepped by pouring the culture into 15 ml polypropylene Falcon tubes and spinning at 1500 ϫ g for 2 min in a swinging bucket centrifuge at room temperature. The resulting pellet was washed twice by resuspension in 15 ml 0.1 M NaCl and spinning down as before. The remaining HB101 bacteria was removed from the C. elegans culture by bringing the volume of the pellet up to 5 ml with 0.1 M NaCl and adding 5 ml of 60% ice-cold sucrose. After briefly mixing by inversion, the sucrose mixture was spun at 1500 ϫ g for 3 min at room temperature. The floating top layer of C. elegans was quickly removed with a glass Pasteur pipette, moved into a new 15 ml polypropylene Falcon tube, and washed twice in 15 ml 0.1 M NaCl as before. The pellet was transferred to a 1.5 ml screw cap Eppendorf tube and spun at 1500 ϫ g for 1 min at room temperature in a swinging bucket centrifuge. The excess liquid was removed, and the C. elegans pellet was frozen in liquid nitrogen and stored at Ϫ80°C. Pellets were usually 250 -750 l.
Preparation of lysates and fractionation of small-scale liquid cultures of C. elegans
For lysis and fractionation, the C. elegans pellets were resuspended to 2 ml in HBS (50 mM HEPES, pH 7.2, 100 mM NaCl). The 2 ml of resuspended pellet was split into two 1 ml aliquots in 2 ml straight-walled polypropylene tubes (DOT Scientific). One milliliter of 2ϫ lysis buffer (HBS with 2 mM PMSF, 2 g/l leupeptin, and 2 g/l pepstatin) was added to the first sample, and 1 ml of 2ϫ lysis buffer plus 2% Triton X-100 was added to the second sample. Samples were lysed by three rounds of sonication on ice using a sonic dismembrator (Fisher Scientific, model 500) equipped with a microtip probe using power output set just below the microtip limit, three times for 20 s, and a program in which the 20 s process times occurred in 2 s pulses separated by 2 s to allow the sample to cool. Debris was removed by centrifugation at 800 ϫ g for 10 min at 4°C. The soluble fraction was separated from the membrane fraction using a 30 min 100,000 ϫ g spin in a TLA120.2 rotor at 4°C in a tabletop Beckman ultracentrifuge. The resulting pellet was resuspended in 1 ml lysis buffer by Dounce homogenization. Total worm lysate protein concentration was measured by Bradford assay and equal volumes (50 g of protein in the total lysate) of the total lysate, soluble fraction, and pellet fraction were analyzed by 10% SDS-PAGE.
Gels were transferred to nitrocellulose for immunoblotting. The top half of each blot (above the 45 kDa marker) was incubated with 1:1000 rabbit anti-AGS-3 antibody, and the bottom half of each blot (below the 45 kDa marker) was incubated with 1:1000 rabbit anti-GOA-1 antibody (Patikoglou and Koelle, 2002) and 1:10,000 rabbit anti-UNC-64 antibody (a gift from Mike Nonet, Washington University, St. Louis, MO). The secondary antibody used for all blots was 1:6000 goat anti-rabbit HRP-conjugated antibody (Biorad). Proteins were detected using chemiluminescence reagents (SuperSignal West Pico chemiluminescent substrate, Pierce).
Food deprivation in C. elegans liquid cultures
For acute starvation of C. elegans liquid cultures, well fed 20 ml cultures were grown for 3-4 d, and animals were separated from HB101 bacteria using a sucrose float as described (see above, Small-scale liquid culture of C. elegans). After the washing following the sucrose float, 75% of the animals were put back into 15 ml of supplemented growth medium in a 125 ml Erlenmeyer flask containing no bacterial food with shaking at 180 rpm, a temperature of 20°C. Aliquots of 5 ml were prepped at 1, 2, or 3 h. Animals were prepared for lysis using the sucrose float method as usual. As a control, an additional aliquot of the animals was obtained from the sucrose float for the effects of the sucrose float preparation, and an additional culture of animals was placed in 5 ml of growth medium with 1 ml of concentrated HB101 bacteria and incubated for 3 h with shaking at 180 rpm and a temperature of 20°C. This fed culture was prepped along side the food-deprived cultures. All cultures were lysed and fractionated as described (see above, Protein expression and purification).
Dye filling to stain C. elegans amphid neurons
The lipophilic tracer DiD (Invitrogen) was used to label a subset of head sensory neurons, including the ASH neurons. DiD at 2 mg/ml in dimethyl formamide was diluted 1:2000 in M9 buffer. Staged animals (24 h post-L4) were picked into a microtiter well containing 150 l of diluted DiD. After incubation in the dye for 3 h, animals were pipetted onto a seeded NGM plate to destain for 1 h.
ASH-specific protein expression and RNAi
The osm-10 promoter (Hart et al., 1999; Ezak and Ferkey, 2010) was used for ASH-specific protein expression and RNAi experiments. For ASHspecific rescue, cDNAs were cloned behind the osm-10 promoter, and these constructs were injected at 50 ng/l. For ASH-specific RNAi (as described by Esposito et al., 2007) , RIC-8 cDNA was inserted behind the osm-10 promoter in both the sense direction and antisense direction, and these constructs were coinjected at 100 ng/l each.
Results

C. elegans AGS-3 is biochemically similar to its mammalian and Drosophila homologs
In addition to having one or more C-terminal GPR domains, members of the Activator of G Protein Signaling 3 (AGS3) family of proteins, including mammalian AGS3 (Takesono et al., 1999) and LGN (mPins) (Mochizuki et al., 1996) , Drosophila Pins (Yu et al., 2000) , and C. elegans AGS-3 (Cuppen et al., 2003) , GPR-1, and GPR-2 (Gotta et al., 2003; Srinivasan et al., 2003) , also contain N-terminal tetratricopeptide repeats (TPR), which are thought to act as a protein scaffolding domain. AGS-3 is the sole C. elegans protein that, like mammalian AGS3 and LGN and Drosophila Pins, has seven TPR motifs and multiple GPR domains (Fig. 1A ). AGS-3 shows identities of up to 65% with the mammalian proteins within these regions (Fig. 1A) , but little conservation elsewhere. AGS-3 is not a clear ortholog of either AGS3 or LGN, as it is equally related to both but is far more closely related to them than are the two other C. elegans AGS3 family proteins, GPR-1/2 (Fig. 1B) .
We used an in vitro pull-down assay to examine the interactions between purified GST-AGS-3 fusion proteins and purified GOA-1 (hereafter referred to as G␣ o , the only widely expressed C. elegans G␣ i/o protein and a candidate target for AGS-3) (Fig. 1C,D) . We found that full-length GST-AGS-3 bound to only G␣ o -GDP, the inactive state of the G protein, while the C-terminal fragment of AGS-3 containing the four GPR domains could additionally bind G␣ o -GTP, the activated state. Thus, the G␣ binding activity of full-length AGS-3 is similar to that of mammalian AGS3 and LGN and Drosophila Pins (Mochizuki et al., 1996; Takesono et al., 1999; Schaefer et al., 2000; Bernard et al., 2001; Kopein and Katanaev, 2009 ). The C-terminal GPR fragment of Pins also has the G␣-GTP binding activity we saw for the GPR fragment of AGS-3 (Kopein and Katanaev, 2009) . In Pins, this activity is masked in the full-length protein by an interaction between the TPR and GPR repeats. While binding activities of the GPR fragments of AGS3 and LGN have not yet been studied, the intramolecular TPR/GPR interaction in LGN has been demonstrated (Du and Macara, 2004; Nipper et al., 2007) .Together, our results suggest that C. elegans AGS-3 is biochemically similar to its homologs, and that the study of AGS-3 in C. elegans may provide insight into the roles of these proteins in higher organisms.
Like G␣ o , ags-3 is widely expressed in C. elegans A transgene expressing GFP under the control of the ags-3 promoter was used to identify the cells that express AGS-3. GFP expression was seen in most or all adult neurons (Fig. 2 A) , including neurons in the head (Fig. 2 B) , tail (Fig. 2C) , egg-laying system, along the ventral and dorsal nerve cords, and in muscles, including body wall muscles, egg-laying muscles, and pharyngeal muscles (Fig. 2 D) . The expression of AGS-3 in postmitotic cells suggests a role for this protein outside of the well studied functions of AGS3 family protein in regulating asymmetric cell division. In addition, the cells that express AGS-3 are almost identical to those that express G␣ o (Mendel et al., 1995; Ségalat et al., 1995) , suggesting that the two proteins could interact in vivo.
Animals lacking AGS-3 are grossly wild type when given unlimited access to food
We next examined animals lacking AGS-3 for defects in G␣ o signaling. We obtained five ags-3 gene deletion mutants (Fig. 3A) , four of which are putative null mutants because they fail to express detectable AGS-3 protein by Western blot analysis (Fig. 3B) . When grown in standard laboratory conditions, which include unlimited access to food in the form of a bacterial lawn, the ags-3 mutants are healthy and show grossly normal body morphology and brood size (data not shown). In C. elegans, signaling through G␣ o inhibits locomotion and egg-laying behavior (Mendel et al., 1995; Ségalat et al., 1995) . While animals lacking functional G␣ o move in a loopy pattern (Fig. 3C,D ) and accumulate few unlaid eggs due to increased egg-laying behavior (Fig. 3 F, G) , ags-3 mutants move with a wild-type sinusoidal pattern (Fig. 3E) and retain a normal number of unlaid eggs (Fig. 3H ) . Thus, we did not observe defects in behaviors controlled by G␣ o signaling in animals lacking AGS-3, provided the animals had unlimited access to food. 2) . GST-AGS-3 contains full-length AGS-3 protein (lanes 3, 4), while GST-GPR has only a C-terminal fragment containing the four GPR repeats (lanes 5 and 6). FT, Flow through; B, bound.
Animals lacking AGS-3 or G␣ o fail to change several behaviors after food deprivation G␣ o signaling modulates a number of behaviors in response to food deprivation, and we noticed that animals lacking AGS-3 were defective in these food deprivation responses. After 20 -30 min of food deprivation, wild-type animals delay their response to the aversive stimulus dilute octanol, allowing them to continue searching for food (Chao et al., 2004) , switch to searching for food over a wide area rather than a restricted area (Hills et al., 2004) , and stop egg-laying behavior to protect their progeny (Dong et al., 2000) . Altering these behaviors presumably increases the survival of the animals and their progeny.
We found that AGS-3 and G␣ o were required to delay response to dilute octanol after food deprivation. With unlimited access to food, wild-type animals, ags-3 mutants, and G␣ o mutants responded to presentation of 30% octanol by backing away within 2-4 s. After 12-20 min of food deprivation, wild-type animals delayed their reversal response until 8 -10 s after octanol presentation (Fig. 4 A) . This effect requires dopamine and is defective in the dopamine-deficient cat-2 mutant (Ezak and Ferkey, 2010) . Mutants lacking either AGS-3 or G␣ o , like cat-2mutants, continued to respond to dilute octanol within 4 s both in the presence of food and after food deprivation (Fig. 4 A) . We note that under all conditions G␣ o mutants responded to octanol faster than did the wild type, which was likely a manifestation of the overall hyperactive locomotion of G␣ o mutants. A double mutant lacking both AGS-3 and G␣ o was indistinguishable from the G␣ o single mutant (Fig. 4 A, p ϭ 1) .
Animals lacking either G␣ o or AGS-3 also failed to properly change their food-seeking strategy after food deprivation. We quantified this by counting the frequency at which animals made high-angle turns (Hills et al., 2004) . Fed wild-type animals seek food in a restricted area by turning frequently. By 30 min after removal from food, they switch to seeking food over a wider area by turning less frequently (Fig.  4 B) . Dopamine is also involved in this behavioral switch (Hills et al., 2004) , and food-deprived cat-2 mutants continue to make frequent high-angle turns. We found that animals lacking AGS-3 or G␣ o , like cat-2 mutants, sought food in a wildtype manner when fed, but after food deprivation made many high-angle turns and thus continued to seek food in a restricted area (Fig. 4 B) . Loss of G␣ o caused a complete defect in changing foodseeking behavior after food deprivation, while loss of AGS-3 caused only a partial defect. Two independent null alleles of ags-3 both showed partial defects (Fig.  4 B) , and the difference between the two alleles was not statistically significant (p ϭ 0.17). We also tested a double mutant lacking both AGS-3 and G␣ o (Fig. 4B ) and found it to be indistinguishable from the G␣ o single mutant (p ϭ 0.09).
After 60 min of food deprivation, wildtype animals almost completely stopped egg-laying behavior (Fig. 4C) . However, both G␣ o mutants and ags-3 mutants continued to lay eggs after 60 min of food deprivation, albeit at reduced rates (Fig.  4C) . Two different null alleles of ags-3 both showed similar partial defects in stopping egg-laying behavior after food deprivation (Fig. 4C) , and the difference between the two alleles was not statistically significant (p ϭ 0.07). Assays of egg-laying behavior in G␣ o mutants are complicated by the fact that these mutants produce few eggs and thus are able to lay few eggs even when fed. To get around this problem, we transgenically expressed pertussis toxin specifically in the egg-laying motor neurons to inactivate G␣ o in these cells without affecting egg production of the animals (Tanis et al., 2008) . This prevented the egg-laying shut off upon food deprivation (Fig. 4C) . We also tested a double mutant lacking both AGS-3 and G␣ o (Fig. 4C) and found it to be indistinguishable from the G␣ o single mutant (p ϭ 0.9).
In summary, AGS-3 and G␣ o mutants were defective in their ability to alter three different behaviors in response to food deprivation. This suggests the two proteins may generally function together to alter a wide variety of behaviors in food-deprived animals. We note that AGS-3 mutants showed a reduced response to food deprivation in some behavioral assays (Fig. 4 B,C and data not shown), so AGS-3 is not absolutely required for all responses to food deprivation.
AGS-3 protein moves to a Triton-soluble pellet fraction after food deprivation
AGS3 family proteins show regulated localization to the cell cortex during their functions in asymmetric cell division (Yu et al., 2000; Du et al., 2001; Blumer et al., 2002; Couwenbergs et al., 2004; David et al., 2005; Hampoelz et al., 2005; Sanada and Tsai, 2005; Wang et al., 2005) . We used biochemical fractionation to see whether AGS-3 might show analogous regulation upon food deprivation. In whole-worm lysates, G␣ o pellets with the plasma membrane after a 100,000 ϫ g spin but can be solubilized by the addition of the nonionic detergent Triton X-100 (Patikoglou and Koelle, 2002) . We found that AGS-3 was in the 100,000 ϫ g pellet of fractionated worm lysates in the absence of detergent (data not shown) but could not be solubilized by the addition of detergent (Fig. 5, lanes 1-3) . In contrast, C. elegans syntaxin (UNC-64), a transmembrane protein used as a control, was efficiently solubilized by detergent. Thus in the presence of food AGS-3 is associated with a detergent-insoluble structure.
AGS-3 progressively moved into a Triton X-100-soluble fraction during food deprivation (Fig. 5, lanes 4 -12) . After 2 h of food deprivation, a significant amount of AGS-3 was reproducibly seen in the detergent-soluble fraction (Fig. 5 , compare lanes 2 and 8), and in some repetitions of this experiment, a small amount of AGS-3 was present in the soluble fraction after only 1 h (data not shown). By 3 h of food deprivation, about half of the AGS-3 protein had moved into the detergent-soluble fraction (Fig. 5, lane 11) . When the worm culture was allowed to slowly starve over a period of days, the large majority of AGS-3 was found in the detergent-soluble fraction (data not shown). In the absence of detergent, AGS-3 was found in the pellet fraction in both fed and food-deprived conditions (Fig. 5, lane  15) . The control protein UNC-64 did not change its fractionation pattern upon food deprivation (Fig. 5 , bottom blots).
These results show that food deprivation causes a physical change in the AGS-3 protein that is manifested by alteration of its biochemical fractionation. Since AGS-3 mutants only begin to show behavioral defects upon food deprivation, this suggests that the physical change in AGS-3 upon food deprivation may allow it to function with G␣ o to alter behavior.
AGS-3 acts via RIC-8 to activate G␣ o in the ASH chemosensory neurons to slow octanol avoidance
We analyzed the mechanism by which AGS-3 affects octanol avoidance, the C. elegans behavior whose food modulation is best characterized. When the ASH chemosensory neurons sense octanol they release glutamate onto interneurons to cause an avoidance response (Chao et al., 2004) . The feeding state of the animal affects the release of neurotransmitters that signal onto the ASHs to activate several G proteins that alter ASH function (Wragg et al., 2007; Harris et al., 2009 Harris et al., , 2010 Ezak and Ferkey, 2010) . Among these, G␣ o acts by inhibiting glutamate release from ASHs (Esposito et al., 2010; Harris et al., 2010) . We found that the AGS-3 is expressed in ASH (Fig. 6A-C) , suggesting that AGS-3 functions with G␣ o in these neurons after food deprivation to delay octanol avoidance.
To investigate the function of AGS-3 and G␣ o in the ASHs, we used a cell-specific promoter that allowed us to express transgenes specifically in these neurons (Fig. 6 D) and assayed effects on octanol avoidance. Wild-type animals expressing the control protein GFP in their ASHs responded normally to octanol (Fig.  6 E, bars 1, 2) . However, expression of pertussis toxin to specifically inactivate G␣ i/o in the ASHs of wild-type animals made these animals respond rapidly to dilute octanol after food deprivation (Fig. 6 E, bars 3, 4) . G␣ o mutant animals showed a similar rapid response (Fig. 6 E, bars 5, 6 ), but re-expression of either wild-type G␣ o (Fig. 6 E, bars 7, 8 ) or activated G␣ o (Q205L) (Fig.  6 E, bars 9, 10) in the ASHs slowed their response to octanol after food deprivation. The underlying hyperactive locomotion of G␣ o mutants likely prevented this ASH-specific rescue from slowing the response completely to wild-type levels. These results show that G␣ o is both necessary and sufficient in the ASHs to inhibit octanol response after food deprivation. Expression of activated G␣ o (Q205L) in the ASHs slowed the response to octanol even in the presence of food, an apparent gain-of-function effect (Fig.  6 E, bars 9, 10) . Combined with the earlier results, this suggests that it is the activated GTP-bound G␣ o subunit, and not signaling by G␤␥, that is responsible for slowing the response to dilute octanol. Finally, expression of the N150I GPR-insensitive mutant of G␣ o (Willard et al., 2008) in the ASHs was unable to rescue the octanol avoidance defect of G␣ o mutants (Fig. 6 E, bars 11, 12 ). This GPR-insensitive G␣ o protein cannot bind to AGS-3 but can still bind other proteins in a nucleotide-dependent manner (data not shown). This result suggests that the mechanism by which food deprivation slows response to octanol involves interaction between the GPR domains of AGS-3 and G␣ o in the ASH neurons.
Expression of AGS-3 in the ASHs of ags-3 mutants was sufficient to rescue the effects of food deprivation on octanol response in these mutants (Fig. 6 F, bars 5, 6 ). In fact, expression of the C-terminal half of AGS-3 containing the four GPR domains was sufficient for rescue (Fig. 6 F, bars 7, 8) . The above results suggest AGS-3 and G␣ o function together in the ASHs but do not provide information about whether AGS-3 produces active G␣ o -GTP or whether AGS-3 rather acts as a downstream effector of G␣ o -GTP signaling. To resolve this issue, we performed genetic epistasis experiments using combinations of loss-of-function mutants and ASH-specific overexpression of proteins. Expression of activated G␣ o (Q205L) in the ASHs of wild-type animals caused a strong gain-of-function phenotype in which animals responded slowly to octanol even in the presence of food (Fig. 6G, bars 5, 6 ). In ags-3 null mutant animals, expression of activated G␣ o (Q205L) caused the same gain-of-function phenotype (Fig. 6G, bars 7, 8) . We found that overexpression of AGS-3 in the ASHs of wild-type animals caused a gain-offunction phenotype similar to that seen in animals expressing G␣ o (Q205L) (Fig. 6G, bars 11, 12) . However, this overexpression of AGS-3 had no effect in G␣ o loss-of-function mutant animals; these animals behaved just like G␣ o mutants without the AGS-3 transgene (Fig. 6G, bars 13, 14) . Thus two different epistasis experiments gave results inconsistent with the possibility that AGS-3 acts downstream of G␣ o and instead suggest that AGS-3 activates G␣ o .
Previous studies have shown RIC-8 can activate G␣ that is bound to AGS3 family proteins (Tall and Gilman, 2005; Thomas et al., 2008) but not when G␣ is bound to G␤␥ (Tall et al., 2003) , although Ric-8A is most efficient at activating free G␣ (Tall and Gilman, 2005; Thomas et al., 2008) . Therefore we next asked whether and how RIC-8 acts to mediate the effects of food deprivation on octanol avoidance. Overexpression of RIC-8 specifically in the ASHs of wild-type animals caused a delay in octanol avoidance response even in the presence of food, similar to expression of activated G␣ o or overexpression of AGS-3 (Fig. 6 H,  bars 3, 4) . Overexpression of RIC-8 in either ags-3 or G␣ o mutant animals had no effect (Fig. 6 H, bars 5-12) . We also saw that RNAi knock-down of RIC-8 by expression of double-stranded ric-8 RNA in the ASHs (Esposito et al., 2007) caused rapid octanol avoidance after food deprivation similar to that seen in ags-3 and G␣ o mutant animals (Fig. 6 I, bars 3, 4) . The effect of overexpressing AGS-3 required RIC-8, since it had no effect in RIC-8 knockdown animals (Fig. 6 I, compare bars 4 and 8) . Finally, activated G␣ o (Q205L) still caused a gain-of-function effect in RIC-8 knockdown animals (Fig. 6 I, bars 9 -12) . These results suggest that after food deprivation, AGS-3 and RIC-8 act together in a mutually dependent fashion upstream of G␣ o to promote activation of G␣ o, which in turn slows response to octanol.
Discussion
AGS-3 mediates behavioral responses to food deprivation
We found that three different C. elegans behaviors absolutely or partially require AGS-3 activity to respond to food deprivation. These three behaviors depend on different neural circuits and neurotransmitters (Dong et al., 2000; Chao et al., 2004; Hills et al., 2004; Gray et al., 2005) . In addition, we found that AGS-3 is expressed in most or all neurons and many muscles, and that food deprivation causes a physical alteration in AGS-3 protein manifested as a change in its Triton X-100 solubility. Because this fractionation change is seen in whole-animal lysates, the change in AGS-3 protein upon food deprivation must happen in most, if not all, AGS-3-expressing cells. Together, these results suggest that AGS-3 mediates a wide variety of responses to food deprivation in C. elegans.
Given that AGS3 proteins are highly conserved from C. elegans to mammals, it is of interest to consider whether mammalian forward-moving animals were presented with 30% octanol, and the number of seconds to reversal after octanol presentation was counted in wild-type or the indicated mutant animals. Diagram at left depicts wild-type response to 30% octanol; n ϭ 10 animals for each measurement. B, Area-restricted search. Individual animals were moved to a plate without food, and the number of high-angle turns in 5 min was counted (fed condition). After an additional 25 min, the number of high-angle turns in 5 min was counted again (food-deprived condition). Diagram at left schematizes the path a wild-type animal takes on an agar plate before and after food deprivation; n ϭ 10 animals for each genotype. C, Egg laying. Adult animals were placed on a plate with or without food and allowed to lay eggs for1 h. After1 h, the adults were removed and the number of laid eggs was counted. Diagram at left depicts wild-type egg-laying behavior when fed or food-deprived, with the worm and laid eggs (dots) schematized on an agar plate. HSN::PTX animals transgenically express pertussis toxin in the HSN egg-laying motor neurons; n ϭ 100 animals for each genotype in each condition. In all panels, error bars are 95% confidence intervals and asterisks indicate statistical differences from wild-type food-deprived condition; p Ͻ 0.05, Student's two-tailed t test.
AGS3 proteins also mediate behavioral changes after food deprivation. The principal defect seen in AGS3 knock-out mice was a lean phenotype due to increased metabolism . Signaling molecules that alter metabolism are generally also involved in altering feeding behaviors (Gruninger et al., 2007) , although the AGS3 knock-out mice did not alter their food intake under the ad libitum feeding conditions used. We note, however, that we saw effects of AGS-3 in C. elegans only after food deprivation, a condition under which AGS3 knock-out mice were not tested. Another link connecting mammalian AGS3 with feeding is based on studies showing that AGS3 expression in rodents is altered by drugs of abuse and that AGS3 appears to mediate neuroplasticity, leading to withdrawal and reinstatement (Bowers et al., 2004) . Because the signaling pathways that mediate effects of drugs of abuse also mediate effects of feeding and food deprivation (Pandit et al., 2011) , it would not be surprising to find that mammalian AGS3 modulates signaling under different feeding states.
Food deprivation induces a physical change in AGS-3 protein
The progressive increase in AGS-3 detergent solubility upon food deprivation could reflect its release from a detergent-insoluble membrane domain or cytoskeletal structure that activates or frees AGS-3 to activate G␣ o . The association of AGS-3 with a detergentinsoluble structure could be mediated by its N-terminal TPR motifs. Yeast two-hybrid studies with the N-terminal TPR domain of mammalian AGS3 have identified putative binding partners, including cytoskeletonassociated proteins . The role of most of these binding partners in AGS3 function remains untested, but many of the proteins are conserved in C. elegans and their functions in response to food deprivation can be determined through the same type of genetic studies presented here.
While changes in the detergent solubility of AGS-3 from whole-worm lysates occur over the course of several hours of food deprivation, the AGS-3-dependent behavioral changes we describe occur within 15 min of food deprivation. It is possible that the physical change to AGS-3 happens faster in certain cells, such as the ASHs, so that some behaviors are altered on shorter time scales than others. Alternatively, it is possible that AGS-3 mediates behavioral responses to short-term food deprivation in one way and mediates additional responses to long-term food de- Model depicting a proposed mechanism by which AGS-3 and RIC-8 potentiate G␣ o signaling to modify behaviors upon food deprivation. Release of neurotransmitters, including dopamine and neuropeptides, is modulated by food deprivation. Activated receptors for these signals catalyze GTP binding by G␣ o , causing dissociation of G␤␥ and activation of G␣ o -GTP signaling. After G␣ o hydrolyzes GTP, it is prevented from reassociating with G␤␥ by binding AGS-3, which presents G␣ o to RIC-8 for reactivation. This reactivation process can continue for additional cycles. Food deprivation causes a physical change in AGS-3 protein that increases its activity. privation in another manner involving the slower physical change to the AGS-3 protein. Although the TPR motifs of AGS-3 may be responsible for mediating the slow change in detergentsolubility after food deprivation, they are dispensable for AGS-3 activity in modulating octanol avoidance after food deprivation, since we found that expression of the GPR domains alone in the ASHs is sufficient to rescue the octanol avoidance defect of ags-3 mutants. Thus, it appears that the GPR domains of AGS-3 mediate behavioral responses to short-term food deprivation, perhaps by amplifying G␣ o signaling in response to ligands like dopamine and neuropeptides that are released quickly upon food deprivation. The TPR motifs could be responsible for mediating responses to longer-term food deprivation by altering interactions of AGS-3 with detergent-insoluble structures. However, the relationship between the food deprivation-mediated change in AGS-3 solubility and the behavioral changes seen is only hypothetical, and further experiments are required to test whether there is a direct relationship between the change in AGS-3 solubility upon food deprivation and the changes in behavior that occur upon food deprivation.
AGS-3 activates G␣ o signaling via RIC-8
Previous in vitro studies of the interactions between G␣ i/o proteins and AGS3 family proteins were consistent with either the AGS3 protein inactivating G␣ signaling by acting as a guanine nucleotide dissociation inhibitor, or activating signaling by either G␣ or G␤␥ (Natochin et al., 2000; Bernard et al., 2001; Kopein and Katanaev, 2009 ). Our work clearly shows that AGS-3 acts upstream of G␣ o to activate signaling via the G␣ subunit. Our results are consistent with genetic studies showing that AGS3 family proteins and G␣ o promote the same effects on asymmetric cell divisions (Gotta et al., 2003; Srinivasan et al., 2003; Kopein and Katanaev, 2009 ). The work on asymmetric cell division in worms and flies showed the dependence of the AGS3 family proteins G␣ o , and Ric-8 on each other for localization (Afshar et al., 2005; David et al., 2005; Hampoelz et al., 2005; Wang et al., 2005) , but it was unable to determine whether one protein activated the other or vice versa. This is because mutants for all three proteins showed similar defects, making double-mutant studies uninformative. We have overcome this difficulty by overexpressing wild type or activated forms of the proteins in the ASHs to generate gain-of-function defects in octanol avoidance opposite those seen in the loss-of-function mutants. Thus we were able to carry out genetic epistasis studies and show that in vivo AGS-3 and RIC-8 function in a mutually dependent fashion to activate G␣ o .
Using ASH-specific rescue of AGS-3 and G␣ o , as well as ASHspecific inactivation of G␣ o with pertussis toxin, we have shown that both AGS-3 and G␣ o act in the ASHs to mediate the effects of food deprivation on octanol avoidance. Our evidence that RIC-8 also acts in the ASH is somewhat weaker. Overexpression using an ASH-specific promoter showed that RIC-8 in the ASHs is sufficient to alter octanol avoidance. Because the almost complete paralysis of ric-8 mutants made it impossible to assay them for octanol avoidance, we expressed double-stranded ric-8 RNA in the ASH neurons to induce RNAi knockdown of ric-8 in these cells and found that this did induce a defect in the effect of food deprivation on octanol avoidance. While Esposito et al. (2007) showed that RNAi gene silencing in the ASH did not spread to neighboring neurons, double-stranded RNA and the RNAi effect can spread from other cell types in C. elegans (Jose et al., 2009 ). Thus RNAi knockdown of ric-8 in the ASHs may not conclusively prove that RIC-8 activity is required in these cells. However, given the strong evidence that AGS-3 and G␣ o act specifically in the ASHs and that RIC-8 overexpression in the ASHs and RNAi induced in the ASHs both alter octanol avoidance, it is likely that AGS-3 and RIC-8 act together in the ASH neurons to activate G␣ o activity upon food deprivation.
We propose that the general function of GPR domain proteins such as AGS-3 is to present G␣ i/o -GDP to Ric-8 for activation. In all cases analyzed by rigorous genetics, including work on asymmetric cell divisions in flies (Kopein and Katanaev, 2009), worms (Ashfar et al., 2004; Couwenbergs et al., 2004) , and mammalian cells (Du and Macara, 2004) and in this work, every function of AGS3 family proteins requires Ric-8. We found that in the ASHs, AGS-3 function is completely dependent on the presence of RIC-8. In vitro, Ric-8 is capable of activating G␣ o by catalyzing exchange of GDP for GTP on either free G␣-GDP or a G␣-GDP-GPR complex (Tall et al., 2003) . However, our work suggests that the ability of Ric-8 to act on free G␣-GDP is irrelevant in vivo, since RIC-8 activity in the ASHs is completely dependent on the presence of AGS-3. These in vivo and in vitro results can be reconciled using the further observations that Ric-8 is incapable of activating G␣-GDP that is in a heterotrimeric complex with G␤␥ (Tall et al., 2003) and that GPR domains bind to G␣ competitively with G␤␥ (Takesono et al., 1999; Bernard et al., 2001) . These results suggest a model in which AGS-3 binds G␣ o -GDP to prevent it from forming an inactive heterotrimer with G␤␥, thus preserving G␣ in a form on which RIC-8 can act.
Based on the above arguments, we propose a model in which AGS-3 and RIC-8 act to amplify and/or prolong G␣ o signaling initiated by a ligand-activated, G protein-coupled receptor (Fig.  7) . This model is based on our studies of AGS-3 function in the ASH neurons of C. elegans to alter octanol avoidance after food deprivation, but it may serve as a general mechanism for response to food deprivation in other cells and other species. The model depicts food deprivation causing release of ligands whose signaling through G␣ o is amplified by AGS-3, and food deprivation having a second input onto the AGS-3 protein to increase its activity and further amplify signaling. The balance between these two effects of food deprivation may vary for different circuits or time scales of food deprivation, providing the flexibility needed to explain the complex effects of food deprivation on behavior.
